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Summary

Motivation: Alfvén eigenmodes (AE) can impact plasma performance

— Low Frequency AEs (TAE & RSAE), f <~ 200 kHz = fast-ion transport

— High Frequency AEs (CAE & GAE), f > ~ 400 kHz = correlated with enhanced y,
AE structure measured via 16-channel reflectometer array,
no~1-7x10"m= (30 - 75 GHz)

High frequency AE structure measured in core of beam heat-heated H-mode
plasmas = identified as CAEs and GAEs

CAEs strongly core localized = may cause thermal electron transport

— GAE activity correlates with enhanced electron thermal transport; proposed as
cause [D. Stutman et al., PRL 102 115002 (2009); K. Tritz, APS DPP 2010 Invited PI2.2]

— CAEs share key GAE characteristics: core localization & frequency

TAE structure measured (amplitude and phase) with high resolution =
strong radial phase variation across plasma (A¢ ~ n/2)

— indicates radial propagation

TAE phase variation indicates non-ideal physics

— inconsistent with ideal MHD

— Ma3D-K simulation implicates coupling with fast-ions
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Motivation: Alfvén eigenmode structure measurement
promotes better understanding of plasma performance
NSTX plasmas feature rich spectrum

6b spectrum of typical

, : beam-heated NSTX plasma
of Alfvén eigenmodes T
— Low frequency AEs (f < ~ 200 kHz): B TTECAES &
Toroidicity-induced (TAE) & ol
Reversed shear (RSAE) Rl e _ —__RSAEs &
— High frequency AEs (f > ~ 400 kHz): gl e — b 'AES
Compressional (CAE) & Global (GAE) TN L
« Alfvén eigenmodes (AE) play critical role 10° I Al
in many aspects of plasma performance W memseq) T

time (msec)

— Low frequency AEs cause fast-ion transport and loss:

« change equilibrium sources (momentum, energy ...)
« damage plasma facing components

— High frequency AE activity correlates with enhanced y, in core of H-mode beam
heated plasmas

D. Stutman et al., PRL 102 115002 (2009); K. Tritz, APS DPP 2010 Invited PI2.2

Mode 6n structure routinely measured in NSTX via fixed-frequency
reflectometer radial array

— 16 channels, n,~1 -7 x 10" m3 (30 — 75 GHz)
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Reflectometers measure local density fluctuation in plasma

« Microwaves propagate to “cutoff” layer, where microwave (“0-mode”) propagation

density high enough for reflection (w, = w) A Reflection accurs at ol i
12} cutoll |

— Dispersion relation of “ordinary mode” 1l @2/’ = density |

microwaves: a? = w2+ c?k2, Sosl romeatine S| t
9 . . 5 _ 5 / &,"";. pr opz:ga 1ng : evan/escen

w,> proportional to density (w,* = e“ny/eym,) o | ’

- k—=0as w— w, 0.4} 1 _______i___
microwaves reflectat k=0 0.2 “~lelectric field

» Reflectometer measures path length changes ¢, o5 L1 1s

of microwaves reflected from plasma

— phase between reflected and launched waves changes (6¢)
« \Wave propagation controlled by density

— for large scale modes dn/n, ~ d¢/(2k ), L,=ny/|Vn,|

vaan
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Reflectometers provide radial array of measurements

NSTX cross-section . Two arrays: “Q-band” & “V-band”
' —Q-band: 30, 32.5, 35, 37.5, 42.5, 45, 47.5 & 50 GHz
_V-band: 55, 57.5, 60, 62.5, 67.5, 70, 72.5 & 75 GHz

 Arrays closely spaced (separated ~ 10° toroidal)
« Single launch and receive horn for each array

* Horns oriented perpendicular to flux surfaces =
frequency array = radial array

 Cutoffs span large radial range in high density
plasmas (ny~1 -7 x 10'¥ m3)

Launch and Receive Horns

] ) n_and O-mode cutoff locations
(Interior View) & .

75 GHz
72.5 GHz
6l 70 GHz
& shot 141308 "~ 15 GHz
S t=582 ms sh GHZZ
20 4t 57.5 GHz
— 55 GHz 50 GHz
30-50 GHz = n, from 47.5 GHz
= A Multipoint 37.5 GHz 45 GHz
Thomson %{)Z%HGZH 42.5 GHz
95-75 GHz Scattering 30 GHZZ
(not shown: horns modified to 0 . )
optimize for frequency range) 1 1.2 14 16

R (m)
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Microwave circuit exploits nonlinear transmission line

« 2.5 GHz source + nonlinear ( 8-way power spitters 10 T
. . . AL From Plasma '
transmISSIon Ilne — frequency doubler KA Fandpassfilters (GHﬂ
harmonics up to 50 GHz V-bandonty) % 2, Lo
« Bandpass filter selects frequency

-- -+- -t N
bandpass filter

ra n g e Q-band: 30-50 GHz —/—\— reference

V-band: 27.5-37.5 GHz mixer v

— Q-band: 30 — 50 GHz 7y
- V'band 275 - 375GHZ nonlinear

transmission line NTL

(frequencies doubled after filter)  enerates hamorics)

LR
 Frequencies downshifted é * :::
to <= 10.5 GHz for processing | <

* Individual freq. isolated & processed
via 8-way power splitters, bandpass
filters & quadrature mixers

X&
55

S
(&3]
IS
(&)

signal

E mixer

k quadrature mixers /

Q-band: 40.5 GHz
V-band: 64.5 GHz

v

T
B
)
B

v
BgENEaE|
QIS
ERENE e

&

v
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High Frequency AE structure measured in core of H-mode
beam heated plasma*

« High frequency AE structures measured
with 16 channels in 6 MW beam-heated
H-mode plasma

* Observed modes fall in two categories:

— Small amplitude + broad structure,
f<~600 kHz, n=-7 &-8
(e.g. f=401 kHz on right)

— Large amplitude + strongly core localized,

f>~600kHz, n=-3,-4 &-5
(e.g. f=633, 648 and 726 kHz on right)

db spectrum

585 590 595 600
time (msec)

575 580 585 590 595 600 575 580
time (msec)

*N A Crocker et al. PPCF 53 105001 (2011)

ngh Frequency AEs

0.4¢ SRR EEERE RN
64n8 k:-l:Z —,)]) Kg_i7 .[41 398 .

= N=-3 580 583 ms

0.3} - q R PR
633 kHz : : Error bars-represent

£ 0.2} "= 4.0\ N\ o statistical uncertainty,
0.1F 40T KHZ Do\ O\
n=-8
0 . . ' e — ;
1.1 1.2 1.3 1.4 1.5
R (m)
ne and O-mode cutoff locations
¥ 75 GHz )
! 72.5 GHz
: 70 GHz
! 141398 67.5 GHz
it = 582 ms 62.5 SHz
57.5 GHz
n, from 55 GHz 50 GHz

Multipoint  37.5 GHz

Thomson 35 GHz 42.5 GHz 1

Scattering 33?65GG|_||:Z
— .
1 magnetic 1.2 R 1.4 1.6
axis (m)

NSTX UCLA 53rd Annual APS DPP Meeting, Salt Lake City—Alfvén eigenmode structure measurement in NSTX via reflectometry, NA Crocker (11/16/201) 7



Modes can be identified as CAEs or GAEs
via mode number and frequency evolution

 GAE and CAE frequency have distinctly different
sensitivity to equilibrium

AE frequency evolution

_ 800 o ey
— Mode frequency evolution can be compared -
|q |y . p —
to local dispersion relations: 700
1/2 X » SR
kv ’ o 600 Pt
fCAENZ_;"'nfROT’kN{(%) +(%) +6r2:| E it 38
50O proo o P TR O e RO
kv 1 |\m
fGAE=ﬁ+nfROT’sz‘;—n 400 i e
- Toroidal mode numbers (n) measured via P Yme(msee)
10 B-dot coils in toroidally distributed array Equilibrium trends
o 120 = PR 1.8
« Equilibrium trends known from measurement: N Vo t27R)

— q, and B, from equilibrium reconstruction using
magnetic field pitch from Motional Start Effect

n.,, measured via Multipoint Thomson Scattering

freq (kHz)
3

— Alfvén velocity, v, = By/(ugpg)” *
* pPp=Mpng Mp=Deuterium mass 20 ;
— Toroidal rotation frequency, fzoro, from Charge 400 56t(3me(msf);6° 700
Exchange Recombination Spectroscopy
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Frequency sensitivity to q, key In distinguishing

CAEs from GAEs

High Frequency AEs Identlfled

Dag D g Lauancy AES [demtne:
- Expected GAE frequency evolution sensitive oag e\ oA 720 588‘”35%% -
to miq if |m| >> 1 ot g B
— q, varies substantially (1.7 — 1.1) over 9
t=400-700 ms o 5
« Modes with f< ~ 600 kHz, n = -7 & -8 01 )
Identified as GAEs JLGAE. .
— 0] >> 1 = f(t) ~ fane (8) if low |m| v gen ot s

+ Modes with f> ~ 600 kHz, n = -5, -4 & -3 e~ 633 KMz @ (580 me
|dentified as CAEs 0 ' 141398

— f(t) consistent with f-ag(1)
* Assume low |m|: m =0,1

700¢

« Assume slowly varying plausible radial scale
(from mode structure): 6.~ 15 - 25 cm

(f) NOT consistent with f5,c(f): low |n|, high f
= high |m| = strong q, sensitivity

freq (kHz)
N
3

600 |

| (m,n)=(5,4) GA

GAE

{m,n)=(0,-4) CAE
6r= varies from 16.8 to 14.4 cm

fmode

{n=-4,f=633 kHz @ t=580 ms) |

_(v 2nR)Im/g-nl+nf

feae~(Va 12::)[(n/|:1) +(m/r)R?+a 2]”2+nf

550
400 500 600 700
time (ms)
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Identification of core-localized CAEs motivates future
investigation of CAEs as possible of cause enhanced y,

. D. Stutman et al., PRL 102 115002 (2009)
» GAEs proposed as cause enhanced y, in

core of NSTX beam-heated H-mode

plasmas
D. Stutman et al., PRL 102 115002 (2009)

K. Tritz, APS DPP 2010 Invited PI2.2
— High frequency AE activity, identified as
GAEs, correlates with enhanced y, in core

— GAE frequency ~ electron orbit frequencies
=> resonant orbit modification

— GAE core localization expected =
active in region of enhanced y,

* Modes identified as CAEs can also modify ] b
electron orbits in core N e

— CAEs shown to be core localized. with FIG. 3 (color online). Correlation between GAE activity, 7,

flattening, and central y, increase in NSTX H modes heated by

frequencies similar to GAES 2.4, and 6 MW neutral beam, at r — 0.44 s. Within the uncer-
tainties, the ¢, n,, and wg.p profiles are the same in all

— CAES Stronger & more core localized discharges at the time of the transport correlation [13].
than GAEs = more impact on electrons
than GAEs?

f(MHz) 2MW
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TAE structure measured with high spatial resolution

« TAE structure (amplitude and phase) measured
across plasma at 12 locations near midplane

N A Crocker et al. PPCF 53 105001 (2011)

« Strong radial phase variation (A® ~ a/2)

observed

— Indicates radial propagation

* Measurement advances campaign to validate M3D-K

code

— High resolution strengthens comparison

ob spectrum

150 4
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o

450
time (msec)

445 455

460

g

465

50
440

60 GHz 64
_ re

e
T

A\

445

450 455
time (msec)

460

n (10" m3)

phase(&)/n

Phase :
—@—77 kHz,n=2

051 g to7kznid :

—A—121 kHz,n=4

1 ) . : ;
1.1 1.2 13 1.4 15
R (m)

ne and O-mode cutoff locations

141707
t=448 ms

n, from
Multipoint
Thomson Scattering

4

1 2 R (cm) 1.

1.6
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Strong radial phase variation of TAEs indicates
non-ideal MHD physics*

: e : L TAE structure
* Radial phase variation inconsistent with ideal MHD .
— Measurements approx. in midplane 0.3
— Plasma up-down symmetric = ideal MHD 0-25
predicts real-valued eigenmode in midplane £ 02k
(phase = 0 or 180°) 015
— Caveat: effect of plasma rotation not clear 0.1
from theory 0.05
« Coupling to fast-ions (and other non-ideal effects?) 9 —
may explain phase variation as‘?ﬁ o |
— Radial phase variation observed for RSAEs in . 051w orkhiznig T ;
DIII-D [BJ Tobias et al. PRL 106 075003 (2011)] 5 | —a—irerizn
« Comparison with TAE/FL code implicates & O Y v S
o

coupling with fast-ions

— M3D-K simulation NSTX included fast-ion & shows | " S S A
similar phase variation 3 : | | ;
1.1 1.2 1.3 1.4 15
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Observed TAE structure similar to
M3D-K linear eigenmode prediction

n=3 TAE: M3D-K vs NSTX

 M3D-K solves for TAE eigenmode in NSTX 141711, 470 ms, 94 KHz
plasma 07
— initial value code

— MHD plasma coupled to kinetically treated 50.4
energetic ions ;)

M3D-K dn/|Vn|

linear eigenmode

« Reflectometer response (§) modeled for
M3D-K én (i.e. “synthetic diagnostic”) 0
— WKB approximation for path length (L) used:

w3 (R)=w*
L=L,+&= [ \1-w}(R)/w’ dR 1

edge

« M3D-K structure [|E| & phase(E)] similar to
NSTX, but shifted radially inward ~ 7 cm .1

— further work needed to understand shift 15

phase(g)
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Conclusions

Motivation: Alfvén eigenmodes (AE) can impact plasma performance

— Low Frequency AEs (TAE & RSAE), f <~ 200 kHz = fast-ion transport

— High Frequency AEs (CAE & GAE), f > ~ 400 kHz = correlated with enhanced y,
AE structure measured via 16-channel reflectometer array,
no~1-7x10"m= (30 - 75 GHz)

High frequency AE structure measured in core of beam heat-heated H-mode
plasmas = identified as CAEs and GAEs

CAEs strongly core localized = may cause thermal electron transport

— GAE activity correlates with enhanced electron thermal transport; proposed as
cause [D. Stutman et al., PRL 102 115002 (2009); K. Tritz, APS DPP 2010 Invited PI2.2]

— CAEs share key GAE characteristics: core localization & frequency

TAE structure measured (amplitude and phase) with high resolution =
strong radial phase variation across plasma (A¢ ~ n/2)

— indicates radial propagation

TAE phase variation indicates non-ideal physics

— inconsistent with ideal MHD

— M3D-K simulation implicates coupling with fast-ions
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Doppler backscattering (DBS): Determines equilibrium E,
& oscillating flows associated with GAMs & Alfven modes

« DBS locally measures scattering from X-mode cutoff layer

intermediate scale turbulence

— Doppler shift provides information on local turbulent flow.

Equilibrium & oscillating flows are imprinted onto Doppler shift kincident

— Allows determination of radial profile of oscillating electric fields of

GAMs, Alfven waves, etc. k kincident
scattered
: ttered
Quadrature data for co- DBS phase analysis of Seatere
and counter beams GAMs & Alfven modes
1000

Shot 134024

Counter-beam
" ‘ shot 141534, d4a/d4b, log scale of (Power_{dphasedt))y”* 1000.00

0.15-A = (-1499.9 to -50 kHz) A= (50101000 kHz)
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